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Abstract: The concept, analysis, and design of series switches for 
graphene-strip plasmonic waveguides at near infrared frequencies are pre- 
sented. Switching is achieved by using graphene's field effect to selectively 
enable or forbid propagation on a section of the graphene strip waveguide, 
thereby allowing good transmission or high isolation, respectively. The 
electromagnetic modeling of the proposed structure is performed using 
full-wave simulations and a transmission line model combined with a 
matrix-transfer approach, which takes into account the characteristics of 
the plasmons supported by the different graphene-strip waveguide sections 
of the device. The performance of the switch is evaluated versus different 
parameters of the structure, including surrounding dielectric media, electro- 
static gating and waveguide dimensions. 
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1. Introduction 



The field of plasmonics represents a new exciting area for the control of electromagnetic waves 
at scales much smaller than the wavelength. It is based on the propagation of surface plasmon 
polaritons (SPPs) |fl] El G)> which are electromagnetic waves propagating along the surface 
interface between a metal (or a semiconductor) and a dielectric. SPPs are typically obtained in 
the visible range by using noble metal such as gold or silver ]2). but they are also supported at 
lower frequencies by composite materials JT], |4]- Surface plasmons have served as a basis for 
the development of nanophotonic devices Q, merging the fields of photonics and electronics at 
the nanoscale J2 and finding application in different areas such as imaging |6) or sensing 171 . 

Graphene J8| provides excellent possibilities to dynamically manipulate electromagnetic 
waves (9JHS1 HU ■ Its unique electric properties, which can be controlled by simply applying an 
external magnetostatic or electrostatic field, allows the propagation of surface plasmons in tera- 
hertz and infra-red frequency bands [[T2l . Compared to conventional materials, such as silver or 
gold, SPPs on graphene present important advantages ifPJI including tunability, low-losses, and 
extreme mode confinement. Several authors have studied the characteristics of plasmons prop- 
agating along 2D graphene sheets lfl4l [T31 [161 [TTl and ribbons/strips lTT8l[T9ll20l . and different 
configurations have already been proposed to enhance their guiding properties lETI . 

The ability to allow or to forbid the propagation of SPPs on these structures is a key building 
block for future plasmonic-based devices. Graphene-based switches have already been pro- 
posed in the literature at DC El l23l and microwave frequencies ll24l [25), based either on 
graphene electric field effect or exploiting the electromechanical properties of graphene. In the 
optical regime, l26l proposed a structure able to switch the reflectance of a plane wave incom- 
ing from free-space between two different states, namely total reflection and total absorption. 
This is obviously a different functionality from the switching of a guided plasmonic wave as 
concerned here. Finally, in a recent work j|27l . graphene-based longitudinally homogeneous 
parallel-plate waveguides were proposed to obtain switches and phase-shifter in the low tera- 
hertz band. 

In this context, we propose and design series switches able to control the propagation of 
surface plasmons on finite graphene strips at near infrared frequencies. The structures are com- 
posed of a chemically-doped graphene strip, host waveguide of the switch, deposited on a di- 
electric and of three polysilicon gating pads beneath the strip. The switch consists of the central 
section of the host waveguide, whereas the outer sections connect the switch to the input and 
output ports of the device. Switching is achieved by modifying the gate voltage of the central 
pad, which in turns controls the guiding properties of the strip in the area of the switch. In the 
ON state, the whole host waveguide has the same propagating characteristics and the struc- 
ture behaves as a simple plasmonic transmission line (TL) propagating the incoming energy 
towards the output port. In the OFF state, the guiding properties of the central waveguide sec- 
tion are modified to provide large isolation between input and output ports. The structures are 
characterized by applying a transmission line approach and by using the commercial full-wave 
software HFSS. Note that (27| recently studied graphene-based longitudinally inhomogeneous 
parallel-plate waveguide using solely TL techniques. Here, we present a rigorous comparison 
between the TL approach and a full-wave solver for the case of finite graphene-strip waveg- 
uides, demonstrating that while the former provides extremely fast results and physical insight 
into the structure, its mono-modal nature may lead to inaccuracies when characterizing the OFF 
state of the device. Finally, several devices, based on ideal 2D graphene surfaces and on realistic 
finite strips, are discussed and studied, evaluating their performance versus different parameters 
of the switches. 



2. Implementation and Modeling 



This section details the concept, implementation and modeling of the proposed graphene-based 
switches. We first briefly review the characteristics of surface plasmons polaritons propagat- 
ing on ideal 2D graphene surfaces 0151 and on finite strips lfj"8l . 11201 . Then, we describe the 
proposed switches, detailing their underlying operating principle and discussing its potential 
technological implementation. Finally, we address the modeling of the different structures, us- 
ing both a TL approach and full-wave commercial software. 

2.1. Characteristics of TM Surface Plasmon-Polariton 

Graphene is a one atom thick gapless semiconductor J8] |28], which can be characterized by 
a complex surface conductivity a. This conductivity can be modelled using the well-known 
Kubo formalism 1291 , and mainly depends on graphene chemical potential jj. c , which may be 
controlled by modifying the initial doping of the material or by applying an external electro- 
static field, and on the phenomenological scattering rate F: 



a(co,ii c ,r,T) = 
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1 rjdf d {e) df,(-e) 
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where CO is the radial frequency, e is energy, T is temperature, — q e is the charge of an electron, h 
is reduced Planck's constant, kg is Boltzmann's constant, and fj is the Fermi-Dirac distribution: 

f d (e) = U e -^ kBT + l)~\ (2) 



Note that the first and second terms of Eq. ([T) are related to intraband and interband contribu- 
tions of graphene conductivity, respectively 0291 . The real part of conductivity is sensitive to T 
at the frequencies where intraband contributions of graphene dominate (i.e. hco/ jX c <SC 1) while 
it mainly depends on temperate in the frequency region where interband contributions domi- 
nate (i.e. hco/jic > 1). In addition, note that the conductivity model employed here does not 
depend on the wavevector, i.e. spatial-dispersion effects are neglected l30l . BP . However, in 
the frequency range considered (25 — 30 THz, where interband contributions of conductivity are 
non-negligible) and for the parameters employed in this work, the influence of this phenomena 
on graphene conductivity is small |fT31 , and the approximate model of graphene conductivity of 
Eq. ([TJ leads to accurate results. 

One of the main advantages of graphene is that its chemical potential can be tuned over a 
wide range (typically from — 1 eV to 1 eV) by applying a transverse electric field via a DC 
biased gated structure, thus allowing to control graphene conductivity. The applied DC voltage 
(Vdc) modifies graphene carrier density (n s ) as 

C 0X Vdc = q e n s , (3) 

where C ox — £ r £o / 1 is the gate capacitance, and e r and t are the permittivity constant and thick- 
ness of the gate dielectric. Note that Eq. (0 neglects graphene quantum capacitance 1321 . which 
may be important in case of extremely thin dielectrics (t ~nms) or very high dielectric con- 
stants. In addition, the carrier density is related with fl c via the expression 
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(4) 



where vy is the Fermi velocity (~ 10 8 cm/s in graphene). Then, the desired chemical potential 
}X C is accurately retrieved by numerically solving Eq. (|3) and Eq. (|4]i. An approximate closed- 
form expression to relate jX t and Vdc is given by 



Hc&hvfJ , (5) 

which is obtained by combining Eq. (01 with the graphene carrier density at zero temperature 
ED 

The characteristics of SPPs supported by graphene depend on the conductivity of the material 
and on the type of waveguide employed. In the case of ideal 2D graphene sheets, the dispersion 
relation of the propagating modes can be obtained as [fT31 



(7) 



where £o is the vacuum permittivity, e n and e r2 are the dielectric permittivities of the media 
surrounding graphene, Icq = co/c is the free space wavenumber and k p = j3 — ja is the complex 
propagation constant of the SPP mode, being j3 and a the phase and atenuation constants, 
respectively. In addition, the characteristic impedance of the SPP may be expressed as 



Zc = -^—, (8) 

a)£()£ e ff 

where £ e ff is the effective permitivitty constant of the surrounding medium. Note that though 
the characteristic impedance is not often employed to model SPPs 0, this parameter will be 
useful to understand and optimize the behavior of the proposed switches. 

In the case of finite graphene strips, the dispersion relation of propagating surface plasmons 
cannot be derived analytically and one has to resort to purely numerically full-wave solvers. 
There are two different types of SPP propagating along the strip lllin . l20l : the waveguide 
type, which has the field concentrated along the whole strip, and the edge type, where the 
field is focused on the rims of the strip. Note that graphene relaxation time mainly control 
the propagation length of the modes, barely affecting to their field confinement. In addition, 
the characteristics of these modes can also be tuned by modifying the chemical potential of 
graphene. 

Let us consider, for the sake of illustration, a graphene sheet deposited on a dielectric with 
permittivity £, = 4. The parameters of graphene are T = 1 /(2T) = 0.2 ps and T = 300 K, in 
agreement with measured data [35 ] . The characteristics of a SPP propagating on the sheet are 
shown in Fig[T]for different values of graphene chemical potential. We find that the propagation 
constant and characteristic impedance of the SPP mode can be tuned over a large range by 
varying jj, c . Focusing for instance in the range between 25 and 30 THz, the structure does 
not support the propagation of SPP when \l c = 0.0 eV (because Im(cr) > 0, as demonstrated 
in O), it can support SPP propagating with large amount of losses (for instance with fi c = 
0. 1 eV) or it can even support confined and low-loss propagating modes (fi c = 0.5 eV). This rich 
variety of propagation characteristics provides unprecedent guiding opportunities in the field of 
plasmonics at near infrared frequencies, which are exploited below to proposed graphene-strip 
plasmonic waveguides with switching capabilities. 




Fig. 1 : Normalized dispersion relation (a), attenuation constant (b), and real and imaginary com- 
ponents (c-d) of the characteristic impedance of a SPP wave propagating on an air-graphene- 
dielectric interface versus graphene chemical potential ji c computed using Eq. (01 and Eq. ([S]). 
The dielectric permittivity is e r = 4.0 and graphene parameters are T = 300 K and T = 0.2 ps. 

2.2. Operation Principle of Graphene-Based Switches 

The proposed graphene-based switches are shown in Fig. |2]and in Fig. [5] The devices are com- 
posed of a host graphene waveguide, namely a 2D sheet in Figf2] and a finite strip in Fig. [3] 
deposited on a dielectric (with e r ) and of three polysilicon gating pads beneath the waveguide. 
The permittivity of the supporting substrate is also set to e r . The switch is located in the in- 
ner section of the waveguide, above the central pad, and the outer sections of the waveguide 
connect the switch to the input and output ports of the device. The characteristics of the SPP 
propagating on the switch and on the other sections of the waveguides are controlled by the 
DC voltage applied to the gating pads. Specifically, the outer pads are biased with a voltage 
V ou t, which provides to the graphene area located above a high chemical potential, whereas the 
central pad is biased with a voltage V m . The operation principle of the switch is as follows. 
In the ON state (see Fig. [2a] and Fig.[3a]i, the DC voltages V ou t an d Vin are chosen to provide 
the same chemical potential to the whole graphene waveguide. In this state, the device behaves 
as a simple transmission line able to propagate an incoming wave from the input to the out- 
put port. In the OFF state (see Fig. [2b] and Fig. l3bl . the voltage V„, is modified to provide a 
much lower value to the chemical potential of the graphene located in the switch area. In this 
state, an incoming wave propagating on the waveguide finds a strong discontinuity due to the 
different characteristic impedance and propagation constant of the central section of the line. 
Specifically, there is a wave reflected back to the input port due to the large mismatch between 
the different regions of the waveguide, some energy is dissipated in the switch due to the large 
losses that now arise, and a highly attenuated wave is transmitted towards the output port. The 




(a) (b) 



Fig. 2: Proposed graphene-based 2D sheet plasmonic switch. The device comprises a mono- 
layer graphene sheet transferred onto a dielectric (e r ) and three polysilicon gating pads placed 
at a distance t below the sheet. The permittivity of the supporting substrate is also set to e r . The 
guiding properties of the SPP propagating along the sheet are controlled via the electric field 
effect by the DC bias applied to the gating pads, (a) Switch ON. Simulated results showing the z 
component of the electric field, E z , of a SPP wave propagating along the sheet. The central and 
outer pads are biased with voltages V out and V,„, chosen to provide the same chemical potential 
(jU c = 0.5 eV) to the whole graphene sheet, (b) Switch OFF. Similar to (a) but here V,„ is chosen 
to provide a chemical potential of ji c = 0.1 eV to the inner surface of the graphene sheet. The 
parameters of the structure are e r = 4.0, L = 350 nm, £{„ = 50 nm, t =20 nm, T = 300 K, 
T = 0.2 ps, and the operation frequency is set to 28 THz. 




(a) (b) 



Fig. 3: Proposed graphene-based strip plasmonic switch. The device is similar to the switch 
shown in Fig. [2] but here the graphene sheet is replaced by a strip of width W. (a) Switch ON. 
Simulated results showing the z component of the electric field, E z , of a SPP wave propagating 
along the strip. The voltages V ou t an d Vin are chosen to provide the same chemical potential 
(He = 0.5 eV) to the whole graphene strip, (b) Switch OFF. Similar to (a) but here Vi n is chosen 
to provide a chemical potential of ji c = 0.1 eV to the inner section of the strip. The parameters 
of the structure are e, = 4.0, L = 350 nm, W = 150 nm, l in = 50 nm, t = 20 nm, T = 300 K, 
1 = 0.2 ps, and the operation frequency is set to 28 THz. 
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Fig. 4: Cross section of the proposed switch and chemical potential profile along the 'x' axis 
of the graphene area for the ON and OFF states of the device. The different contributions 
to the chemical potential of graphene (solid line), namely chemical doping (dotted line) and 
elecrostatic DC bias (dashed line), are also shown, (a) Uniformly highly chemically doped 
graphene. The OFF state is obtained by applying a negative DC bias to the central gating pad. 
(b) Non-uniformly chemically doped graphene. Outer and inner surfaces of graphene are highly 
and slightly chemically doped, respectively. The ON state is obtained by applying a positive DC 
bias to the central gating pad. 



performance of the switch is determined by the isolation between the input and output ports at 
the OFF state and by the insertion loss in the ON state. It depends on the length of the switch 
(li n ) and on the range of chemical potential values achievable by graphene, as will be discussed 
in detail in Section [3] 

We propose two different alternatives, illustrated in Fig. 01 for the technological implemen- 
tation of the switches. In both cases, the ON state is obtained by providing high chemical 
potential to the whole graphene surface while in the OFF state the chemical potential of the 
central section is highly reduced. The first approach, shown in Fig.|4aJ uses uniformly highly 
doped graphene sheets/strips. Note that recent fabrication techniques have demonstrated large 
control of graphene chemical doping ll36l . Il37l . Il38l . and measured values around 0.4 eV have 
already been reported ll39l . In this case, the ON state is obtained by applying a low DC voltage 
(V ut = Vn = Vl) to the gating pads, which provide to the whole graphene area the required 
chemical potential. On the other hand, the OFF state is obtained by applying a negative voltage 
(—Vh) to the central gating pad. Indeed, due to the ambipolarity property of graphene ll8]|40l. 
an applied negative DC voltage decreases the chemical potential of graphene. Therefore, the 
central and outer gating pads are biased with voltages Vl and —Vn, respectively. The second 
approach (see Fig. l4bl relays on tailoring the chemical doping of the different graphene regions. 
In this way, the outer graphene surfaces are highly chemically doped, whereas the inner surface 
is slightly doped. The ON state is obtained providing a low DC bias voltage to the outer gating 
pads (y out = Vl) and a larger bias to the central one (Vi„ = Vh), while in the OFF state the volt- 
age applied to the central pad is reduced (V„, = Vl)- Note that this second approach requires a 
more complicated fabrication process due to the tailoring of the chemical doping applied to the 
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Fig. 5: Equivalent transmission line model of the proposed graphene-based switches shown in 
Fig. |2] and in Fig. [3] 



graphene area. 



2.3. Electromagnetic modeling 

The electromagnetic modeling of the proposed graphene-based switches is performed using 
two different techniques, namely a TL formalism combined with an ABCD transfer-matrix 
approach lf34l and a commercial full-wave software (HFSS) PTI based on the finite element 
method. 

The proposed graphene-based waveguide switch can be modeled by cascading three trans- 
mission lines, as shown in Fig. [5] Each TL corresponds to a section of the host waveguide. The 
outer lines, characterized by a propagation constant y out and characteristic impedance Z out , are 
related to the outer sections of the device. In addition, the switch (inner region of the waveg- 
uide) is modeled by the central TL, which present a propagation constant and characteristic 
impedance of Yin an d Z( n , respectively. The different lines are combined using an ABCD matrix- 
transfer approach, and the corresponding scattering parameters are then recovered using stan- 
dard techniques ll34l . For simplicity, scattering parameters are refereed to the port impedance 
Zp which is set equal to the characteristic impedance of the outer waveguide sections, Z out . 
However, it is important to point out that this method is approximate. It is well-known from 
transmission line theory ||34l 1421 that this approach only considers the fundamental mode that 
propagates along the waveguide, and neglects the presence of higher order modes that are ex- 
cited at the discontinuity between different sections. Moreover, note that the excitation and 
influence of these higher order modes increase when i) the guiding characteristics of the dif- 
ferent waveguide sections are very different, and ii) the length of one of these sections is very 
small |42l . Nevertheless, this approximate approach is indeed useful: it provides extremely fast 
preliminary results and physical insight into the operation principle of the proposed switches. 

In the case of the graphene-based 2D sheet switch shown in Fig. [2] the propagating con- 
stant and characteristic impedance of the equivalent transmission lines are directly obtained 
using Eq. (O and Eq. dHJ, respectively. In the case of graphene-based strip switches, depicted 
in Fig. |3] no analytical formulas are available. Here, we employ full-wave simulations to ex- 
tract the propagation constant of SPP propagating on various infinitely-long graphene strips. 
Then, the extracted wavenumbers are included in the TL formalism to characterize the com- 
plete switch. 

The second approach is based on simulating the complete switch in a full-wave simulator. 
To this purpose, we have employed the commercial package HFSS BTI . which implements the 
finite element method (FEM) f43ll44ll . There, graphene surfaces are modeled as infinitesimally 
thin sheets/strips, where surface impedance boundary conditions (Zsuf = 1 /d) are imposed. We 



have verified that 3D numerical FEM simulations are able to accurately model plasmon prop- 
agation on graphene waveguides. However, we have observed some discrepancies between the 
plasmons characteristics -namely propagation constant and characteristic impedance- obtained 
by the 2D numerical waveport solutions and the expected ones. These discrepancies may arise 
due to numerical instabilities related to the large surface reactance of the infinitesimally thin 
graphene. Consequently, though we are able to accurately compute the scattering parameters 
of the structure under analysis, they are referred to an unknown port impedance (Zp). In order 
to solve this issue, we employ a simpler structure with exactly the same waveport configura- 
tion to rigorously extract the port impedance. This is done by simulating a uniform graphene- 
based sheet/strip waveguide with known propagation constant and characteristic impedance 
(see Eq. <j7j and (HI). Then, Zp is analytically retrieved from the resulting scattering parame- 
ters applying standard techniques {34. 42]. Finally, this impedance is employed to renormalize 
the scattering parameters of the initial complex structure to any desired impedance, Zp = Z out 
in our case. 

3. Numerical results 

In this section, we investigate the characteristics of the proposed switches in terms of their scat- 
tering parameters. These parameters are commonly employed in the microwaves and terahertz 
frequency ranges 11341 and are perfectly suited to evaluate the behavior of a switch. Note that an 
ideal switch in its ON state propagates all input energy towards the output port (i.e. S21 ~ 1), 
while no energy is transmitted in its OFF state (i.e. S21 ~ 0). First, we verify that the two nu- 
merical techniques employed to characterize plasmon propagation on graphene waveguides, 
namely the TL approach and the commercial software HFSS, leads to similar results. Then, we 
focus for simplicity on switches suspended on free space. There, we study the characteristics 
of the switches in their ON and OFF states, and we present a parametric study of the switches 
performance as a function of their features. Finally, we extend this analysis to consider realis- 
tic graphene-based switches, taking into account the presence of a substrate. In our study, we 
consider a relaxation time of 0.2 ps, in agreement with measured values of graphene carrier 
mobility ll35ll . and a temperature of T = 300° K (room temperature). For simplicity, we neglect 
the possible fluctuations of graphene relaxation time due to optical phonons lfl5l . 

In order to assess the accuracy of the numerical methods employed to study graphene-based 
switches, we first consider the propagation of surface plasmons on the structure shown in Fig. [2] 
The parameters of the structure are e r = 1, L = 3 jJ.m and £,„ = 1 jj.m, and the chemical potential 
of the central and outer graphene waveguide sections is set to 0.2 eV and 0.15 eV, respectively. 
The scattering parameters of the structure, computed using the TL approach and HFSS, are 
shown in Fig. [6] Very good agreement is found between the methods, verifying that the prop- 
agation of surface plasmons on the graphene waveguide is correctly modeled. Note that the 
accurate results provided by the TL approach are due to the negligible influence of higher order 
modes in this structure, which are barely excited in the weak discontinuity between the different 
waveguide sections. 

Fig. [JJ presents the scattering parameters, obtained with the commercial software HFSS, of 
the proposed graphene-based switches suspended in free-space (see Fig. [2] and Fig. [3] with 
e, =1). The length of the total device and the switch section are set to L = 1.75 jJ.m and 
tin = 0.5 /im. In the ON state, a DC bias voltage is applied to all gating pads to provide a 
chemical potential of jj, c = 0.5 eV to the whole graphene area, while in the OFF state the DC 
bias applied to the central pad is reduced, leading to a chemical potential of 0. 1 eV for the switch 
area. Fig. [7a] and Fig. [7b] show the performance of the proposed graphene-based 2D sheet and 
strip switches. In the ON state, the switches behave as a transmission line and the input energy 
propagates towards the output port (i.e. S21 ~ !)■ Note that the extremely low value of Sn, 
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Fig. 6: Scattering parameters of the structure shown in Fig. [2] with e, = 1, L = 3 /im and = 
1 jJ.m, computed using the transmission line approach and the commercial software HFSS. The 
chemical potential of the outer and central graphene waveguide sections are set to \i Cout — 0.2 eV 
and n Cin = 0.15 eV. 
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Fig. 7: Simulated scattering parameters of the proposed graphene-based switches, suspended 
in free-space, at their ON and OFF states. The parameters of the device are L = 1.75 fim and 
iin = 0.5 jJ.m. (a) Graphene-based 2D sheet switch, see Fig. [2] (b) Graphene-based strip switch 
with W = 0.2 jum, see Fig. [3] 
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Fig. 8: Parametric study of the isolation (S21) provided by the proposed graphene-based 
switches as a function of the length (£j n ) and chemical potential (£t c ,„) of their central waveg- 
uide section at the fixed frequency of 28 THz. The length of the devices (L = 1 .75 fim) is kept 
constant in all cases. (a) Graphene-based 2D sheet switch, see Fig. [2] (b) Graphene-based strip 
switch with W = 0.2 fim, see Fig. [3] 



which indicates that the device is very well matched, has been obtained by renormalizing the 
scattering parameters to the characteristic impedance of the outer waveguide sections (Z out , 
see Section l2~3l l. This state also provides some dissipation losses, about 4 dB in both switches, 
which are due to the intrinsic characteristics of graphene and directly depends on the total length 
of the device. In the OFF state, the graphene-based 2D surface and strip switches provide large 
isolation in the whole frequency band, around 37 and 50 dB respectively. Importantly, the use 
of realistic graphene strips, instead of ideal 2D sheets, leads to devices with higher isolation 
levels. This is due to the field confinement of surface plasmons propagating on strips, which is 
much larger than in case of 2D sheets 11181 . lEOl . 

In order to further study the isolation performance of the proposed switches, Fig.[8]reports a 
parametric study of S21 as a function of the length and chemical potential of the central waveg- 
uide section, at the fixed frequency of 28 THz. The length of the devices (L = 1 .75 |im) is kept 
constant in all cases. The results have been obtained using both the TL approach (dashed line) 
and the full-wave solver HFSS (solid line), and are shown in Fig.[8aland Fig. [8b] for ideal 2D 
sheet and strip-based graphene switches, respectively. The length of the inner (switch) waveg- 
uide section £j„ is swept from 20 to 500 nm, avoiding values below 20 nm where quantum 
effects may be non-negligible |20|. As expected, the isolation levels increase with £;„. As ex- 
plained in Section l2~2l when the chemical potential of the inner graphene waveguide is different 
from the one of the outer sections of the device, the energy propagating along the structure finds 
a discontinuity due to the different impedances and propagation characteristics of the plasmon 
modes supported by each region. Specifically, decreasing the chemical potential of the central 
graphene waveguide from 0.5 eV to 0.175 eV leads to switches with low isolation levels. This 
is because the plasmon impedance is "weakly " affected by the chemical potential in this range 
(see Fig.Q]). However, decreasing ji c to lower values such as 0.125 eV or 0.1 eV leads to high 
isolation levels for almost any length of the inner waveguide section. Besides, it is observed 
that the isolation level converges when the chemical potential is further decreased. This be- 
havior suggests that in the OFF state isolation is not governed by the fundamental plasmonic 
mode, but by higher order evanescent modes excited at the discontinuities between the differ- 
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Fig. 9: Simulated scattering parameters of the proposed graphene-based switches at their states 
ON and OFF. The parameters of the structure are e r = 4.0, L = 0.7 ftm and i(„ = 0.2 fim. (a) 
Graphene-based 2D sheet switch, see Fig. [2] (b) Graphene-based strip switch with W = 0.2 ^m, 
see Fig. [3] 



ent waveguide sections. Consequently, the transmission line approach -which by definition only 
consider the fundamental mode- is not able to provide accurate results in this state. However, 
these effects are obviously accounted for by full-wave simulations Thus, in the case of high 
isolation, the TL modes slightly overestimate the performance of the switch. In general, this 
parametric study demonstrates the excellent capabilities of graphene as a material for devel- 
oping plasmonic -based switches, allowing isolation levels better than 40 dB using graphene 
sections of about 500 nm. 

The last part of our study deals with realistic graphene-based switches taking into account 
the dielectric surrounding media. To this purpose, we consider graphene transferred onto a 
parylene of thickness t = 90 nm and dielectric constant e r = 4.0 at the frequencies of interest. 
The three polysilicon gating pads beneath the host waveguide have a thickness of 30 nm, and 
the permittivity of the supporting quartz substrate is e, = 3.9. Note that the presence of the 
dielectric increases the localization of the supported plasmon modes, i.e. decreases their prop- 
agation length and increases their mode confinement. The lengths of the different waveguide 
sections are redesigned to preserve similar insertion losses of the complete structure as in the 
previous example. Specifically, values of L = 0.7 jim and £,„ = 0.2 jim are employed. Fig. [9a] 
and Fig.|9b]report the scattering parameters of the proposed graphene-based 2D sheet and strip 
switches, respectively. The results show similar insertion losses in the ON state (around 4 dB) 
as compared with the free-space suspended devices of Fig. [7] In the OFF state, the isolation 
levels are around 30 and 40 dB for the 2D sheet and strip switches. Note that these values are 
around 10 dB lower than in the previous example, which is mainly attributed to the shorter 
length of the central waveguide section. In addition, Fig. [10] presents a study of the switches 
isolation at 28 THz as a function of £„, and ji c . Results demonstrate that the influence of these 
parameters on the switches performance is similar as in the case of Fig. [HJ where the switches 
are suspended in free-space. Importantly, the presence of the dielectric allow to increase the 
isolation levels of the switches. For instance, isolation levels larger than 80 dB are obtained for 
a graphene-strip based switch with a central waveguide section of £,„ = 500 nm. This is because 
the dielectric allows the propagation of extremely localized plasmons on graphene, whose char- 
acteristics present a wider tunable range than those of SPPs propagating on graphene deposited 
on a dielectric with lower permittivity. Consequently, enhanced isolation levels (or reduced 
device dimensions) can be obtained by designing graphene switches on dielectrics with high 
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Fig. 10: Parametric study of the isolation (S21) provided by the proposed graphene-based 
switches as a function of the length (£,„) and chemical potential (/^ Ci „) of their central waveg- 
uide section at the fixed frequency of 28 THz. The length of the devices (L = 1 .75 fim) is kept 
constant in all cases. The dielectric permittivity is set to £,- = 4.0. (a) Graphene-based 2D sheet 
switch, see Fig. [2] (b) Graphene-based strip switch with W = 0.2 /xm, see Fig. [3] 



permittivities. 
4. Conclusions 

We have proposed and designed series switches able to dynamically control the propagation of 
plasmons on graphene surfaces at near infrared frequencies . Several configurations, based on 
2D graphene surfaces and strips, have been analyzed and their performance have been evaluat- 
ing versus different parameters of the structures. Two different techniques, namely a transmis- 
sion line approach and full-wave simulations, have been employed to characterize the switches. 
It has been shown that the former method provides fast results and physical insight into the 
problem, but it lacks of accuracy to characterize the OFF state of the devices. 

Our results have demonstrated that controlling the properties of very reduced graphene ar- 
eas provides extremely large isolation levels between the input and output ports. For example, 
isolation levels larger that 80 dB have been achieved by using a graphene strip of just 500 nm. 
In addition, it has been shown that increasing the permittivity of the surrounding media allows 
to increase the isolation level of the switches. These interesting features can be used to further 
develop guided graphene-based devices at near infrared frequencies, leading to functionalities 
similar to current nanophotonic plasmonic -based devices at optics. 
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